The blade geometry design process is integral to the development and advancement of compressors and turbines in gas turbines or aeroengines. An airfoil section design feature has been added to a previously developed open source parametric 3D blade design tool. The second derivative of the mean-line (related to the curvature) is controlled using B-splines to create the airfoils. This is analytically integrated twice to obtain the mean-line. A smooth thickness distribution is then added to the airfoil with two options either the Wennerstrom distribution or a quartic B-spline thickness distribution. B-splines have also been implemented to achieve customized airfoil leading and trailing edges. Geometry for a turbine, compressor, and transonic fan are presented along with a demonstration of the importance of airfoil smoothness. 
INTRODUCTION
Blade design is a critical design stage through the full engine design process. In the early days, standard profile families were developed (i.e. NACA) in order to describe the profile with a small number of parameters and be able to compare designs and test results of different aerodynamic shapes. Later, when physical effects of boundary layer separations, turbulence, skin friction, shape factors and non-steady loss generating mechanisms were investigated, a new style of optimized blade airfoils were designed. One of them is the parametric airfoils that improves the engineering design process and allows fast creation, optimization and manufacture of the blades. There were different approaches used to design some new airfoils rather than the traditional ones. J. Burman et al. [ [1] , [2] ] defined the suction and pressure sides with a thickness distribution and camber line splines. The leading and trailing edges end nodes are shared with airfoil surface such that the intersection points between them have slope continuity. BMW Rolls-Royce created "A parametric blade design system" by Jugen M.
Paper: ASAT-16-142-PP Anders et al. [3] that described the 2D airfoil as two independent patches of higher order Bezier curves plus leading edge (circular and elliptic) and trailing edge with slope continuity at the contact points. The previous two approaches insures a slope continuity in the connection points which will have discontinuities in the higher derivatives. This can lead to a kink in mach number and pressure distribution over the leading edge. Koini et al. [4] describes each cross section as a mean-line second order NURBS and a distribution of points imposed on it which forms the control points for the blade section NURBS. This approach gives a smooth blade surface but when trying to apply control, for example on the section leading edge, this will not be trivial as there are not enough parameters to make local changes to the blade sections.
Korakianitis et al. [5] generated the 2D blade shape by defining the geometry near the trailing edge with two third-order polynomials and the main portion of the blade described by a surface curvature distribution spline, while the leading edge was defined with a parabolic construction line with two thickness distributions. Korakianitis defines the curvature distribution of the blade surfaces as a spline, then matches the slope of the blade surfaces curvature spline with that of the four contact points with the leading and trailing edges. Just defining the upper and lower surfaces make it possible to have a negative thickness distribution. Negative thickness distribution or even a very thin blade without a specified smooth thickness distribution are either not realistic or will not meet structural requirements. Korakianitis approach is considered the most relevant one to the presented technique. Considering the curvature equation, the pressure distribution is directly affected by the curvature, as will be explained below, with smooth thickness distribution defined.
The open source General Turbomachinery Geometry Generator was created by Siddappaji et al. [[6] , [7] ] to generate 3D blades for various kinds of turbomachinery. New features are added to the Geometry Generator that improves the 2D airfoil design process. The motivation to use the curvature-defined mean-line approach together with the methodology is explained below.
The 3DBGB blade generator is a free license blade builder. It can be downloaded from ( http://gtsl.ase.uc.edu/3DBGB/).
MOTIVATION
The curvature has a major effect on the blade performance. It affects directly the pressure distribution (loading distribution) over the blade surface. This is a basic fluid concept as explained by Fox et al. [8] when describing the motion of a particle in a steady flow.
In the stream wise direction, Bernoulli equation can be derived. When applied in the normal n direction, the equation normal to the streamline becomes,
where, R is the radius of curvature of the streamline, C is the curvature of the streamline, n is the distance perpendicular to the streamlines and V is the velocity along a streamlines. Figure 1 shows radius of curvature, direction vectors along and normal to the streamline.
This indicates "Pressure increases in the direction outward from the center of curvature of the streamline" [8] . This shows that the streamline curvature ( on the pressure gradient in direction normal to the streamline which in other words affect directly the "Blade loading distribution". This conclusion was mentioned in 1973 by Keith et al. showing again the solution for the pressure distribution over a nacelle surface is related to the curvature distribution [9] .
As a result, starting with curvature to define the airfoil geometry is a direct representation of the loading over the blade surface. Specifying the camber-line through the curvature, allows going to higher order of smoothness with a smaller order of design variables rather than defining the camber-line with points. Adding a high order positive thickness distribution to the curvature-defined mean-line avoids any thickness negative distribution along the blade.
Geometry & Coordinate systems
Coordinate systems:
Creating the 3D blade is accomplished through several steps, each have a separate coordinate system [6] . Explanation of the coordinates systems are as follows:
The Meridional (x s − r s ) coordinate system:
The Meridional 2D (axial-radial) coordinate system that describes the axisymmetric streamline coordinates as shown in The camber-line is created in the (u − v) space. Then the thickness distribution, leading and trailing edge are added to the camber-line to create the 2D blade section as shown in Figure 3 . Lean and sweep are defined either tangent and normal to the blade (Denton [10] ), or in the meridional and tangential (m , θ ) directions (Smith and Yeh [11] ). The lean and sweep tangent to the blade is applied in the (u − v) coordinates after the section is created. The stacking offset relative to percent chord is also applied in the (u − v) coordinate system. [6] .
This a 3D cylindrical coordinate system at which the 2D sections in the (m , θ ) space are mapped on the streamline coordinates that in turn make the sections in 3D space as described by Siddappaji [6] .
Paper: ASAT-16-142-PP Figure 5 : (r − x − θ ) 3D coordinate system [6] .
Blade angles definitions:
One consistent angle definition is considered for all blades (compressor and turbine) taking into account the sign of each angle depending on its direction, as shown in Figures 6 and 7. The blade metal angles (β * in , β * out ) are defined as,
By a simple manipulation of these equations, the stagger angle can be written as,
METHODOLOGY 2D airfoils to construct 3D blade:
The 3D blade is generated by stacking the 2D sections created in (m , θ ) space. Figure 8 shows the flow chart to the curvature-defined 2D section design process. The data input file describes the streamlines in the (x s − r s ) space and blade parameters such as section metal angles (β in , β out ), chord (chrd) and maximum thickness (mxthk). The control parameters describe the sections curvature, thickness modifier, leading and trailing edge shapes. 
Cubic and Quartic B-splines:
A parametric Cubic [12] and Quartic [ [13] , [14] ] B-spline are used to create the mean-line, thickness distribution and thickness modifier of the 2D sections. The general B-spline parametric function is given as,
where, P i , P i+1 , P i+2 , P i+3 , P i+4 ... are the control points influencing the B-spline, as shown in figure 9 and n s is the B-spline order.
Paper: ASAT-16-142-PP Figure 9 : Cubic B-spline [12] .
For a Cubic B-spline, n s = 3, where "t" is a parameter used for each segment calculation and B i (t) are the basis functions for the spline calculation as shown below,
For the Quartic B-spline, n s = 4. The quartic basis functions are,
Quartic B-spline basis functions and their derivatives are shown in Table 1 . Table 1 : Quartic B-spline derivatives coefficients.
Paper: ASAT-16-142-PP
Mean-line calculations:
Korakianitis [5] and Sherar [15] describe the curvature as a function of the first and second derivatives,
where, y = d 2 y dx 2 referring to the reference coordinate system. The second derivative of the mean-line is defined as a cubic B-spline using equation (5) at n s = 3,
where, t u is the parameter t at the coordinate position u . Figure 10 shows the second derivative B-spline that indicates the curvature of the whole blade section from leading edge to trailing edge (from u = 0 to u = 1). The second derivative of the camber line is the derivative of the slope (v (u)). Using analytical integration of the cubic B-spline, the slope is calculated, and plotted as shown in figure 11 ,
where, k is a scale factor evaluated to enforce the trailing edge angle. The inclusion of the scale factor means the magnitude of the second derivative input is adjusted to ensure the blade has the overall specified camber (angle differences).
The slopes sinl, sext are related by
Figure 11: First derivative (Slope) B-spline.
The camber-line is obtained through an iterative process by integrating the slope curve as follows,
Equation (14) has been used to evaluate the constant of integration in equation (13) . There are 4 coupled equations (2), (3), (12) and (15) with 4 unknowns (k, ξ , χ in , χ out ). The slope and camber equations (10) and (13) are initially evaluated with an initial estimation of the stagger angle (ξ ) (equation (4)) assuming initially the sum of blade angles is zero,
A secant method is used to solve equations (10) and (13) enforcing the boundary condition stated in equation (15) . Once equation (15) is satisfied, stagger angle is recalculated using equation (4) . Manipulating equations (2) and (3), blade angles are evaluated using equations (16) and (17) .The camber line can then be plotted as shown in figure 12 .
The curvature along the mean-line can be defined as
Paper: ASAT-16-142-PP where, s is the arc length in the (u − v) space. The second derivatives v are integrated instead of the curvature to eliminate the non linearity of the arc length. From equation (8) , the second derivative has the characteristic of the curvature. 
Airfoil thickness distributions:
There are two options for thickness distribution: the Wennerstrom thickness distribution (third order polynomial), as explained in the book by Wennerstrom [16] and a Quartic Bspline thickness distribution. The control points for the later are calculated from solving a system of equations that describe all the constrains on the blade section. Leading and trailing edge thicknesses together with the location and value of the maximum thickness on the blade section are all constraints used to calculate the thickness spline control points. The system has a total of 18 control points for each blade section. The total thickness distribution (thk) is calculated by simple subtraction between the upper and lower sides thicknesses. This results in a blade surface with a 4th order spline smoothness. The airfoil top curve quartic B-spline is considered in figure 13 with the location of the maximum, leading and trailing edges thicknesses.
Spline quartic Thickness Modifier:
For increased thickness control, a thickness modifier spline (thkmultip(u)) is added to the original thickness distribution,
The thickness modifier values are added to the different options of thickness distribution such that the total thickness is increased as follows,
Paper: ASAT-16-142-PP Figure 13 : Airfoil top curve quartic thickness B-spline.
The thickness modifier control points are specified in the control parameters input to obtain the best loading distribution over the blade section surface. The quartic thickness modifier B-spline is shown in figure 14. 
2D airfoil creation:
The top and bottom airfoil curves are then calculated using the camber line, thickness distribution and blade angles at each coordinate point as follows,
where, u btop , v btop , (u bbot , v bbot ) are n side coordinates of the airfoil top and bottom curves in(u − v) plane, respectively. Each has a number of points (n side ). thk is half the actual blade thickness added to it the thickness modifier (thkmultip) value at each point.
ang is the angle at each coordinate u defined by,
The airfoil top and bottom curve coordinates are then put in one array (u b , v b ) . It starts from the trailing edge, rotating counter clockwise through leading edge and returns back to the trailing edge point with total (2n side − 1) number of points. The airfoil is still in the (u − v) plane.
Leading edge option:
The leading edge is an essential feature that affects the flow over the blade surface. Three leading edge options are available with the geometry generator. The default leading edge option is an elliptical leading edge mounted when using the Wennerstrom thickness distribution, as explained by Siddappaji et al. [ [7] , [6] ].
The second option is implicitly defined in the quartic B-spline thickness distribution. The second leading edge shape depends on the LE constraints defined when calculating the spline thickness distribution. (lethk, lecurv) are the LE parameters defined when solving for the spline thickness distribution control points for the entire blade section.
The third option is a quartic leading edge B-spline. This type of leading edge is installed on the blade in the (u − v) plane after full creation of the blade section. When choosing this option, the current installed leading edge is removed and a quartic B-spline leading edge is connected instead. The B-spline is connected with the blade section contact points by matching the first, second and third derivatives. The following equations describe the relation between the derivatives w.r.t. u and the spline parametric derivatives w.r.t. t.
Matching the first three derivatives gives smooth and continuous curvature and slope of the curvature at the contact points. The derivatives are calculated using higher order finite difference with a very small step size to then set equal to the B-spline derivatives at t = 0. Table 1 shows the quartic B-spline basis functions and its derivatives that are used in matching process. The control parameters serve to adjust a good matching between the leading edge and the blade section surface, besides controlling the leading edge shape as well. The leading edge B-spline is controlled by 9 parameters, these parameters are the leading edge thickness (lethk), droop (ss), elongation (ee) and 6 more control point parameters. The droop and elongation are shown in the figure 15. 
A scheme for the leading edge control points and LE shape parameters is shown in figure 16 .
Paper: ASAT-16-142-PP Figure 16 : LE B-spline with control points.
Trailing edge options:
The options for the trailing edge are the same as the leading edge with the added options of a circular arc and a blunt trailing edge.
2D airfoil stacking, rotation and scaling:
The final steps in the 2D blade section creation are the sections 2D stacking, rotation and scaling. The 2D stacking process is done in the (u − v) plane by translating each section to its stacking user defined position. Then rotation by the stagger angle (ξ ) and scaling with the chord value (chrd) are both done to set the blade sections in the (m , θ ) plane,
The (m , θ ) blade sections are then projected on the stream lines in the 3D (r, x, θ ) plane. Coordinates are mapped to the Cartesian (x, y, z) coordinate system to give 3D blade sections that is compatible with the CAD systems as explained by Siddappaji [7] .
Demonstration of Capability
This 2D blade section generation technique improves the smoothness of the blade surface to the fourth order spline degree. That ensures the curvature and slope of curvature to be continuous all over the blade surface. The loading distribution over the blade surface is improved with no spikes in Mach number. This prevents local acceleration and deceleration of the flow. A demonstration for the new capability is discussed below. A turbine Paper: ASAT-16-142-PP Table 2 : The turbine hub section data from NASA report [17] .
Rotor blade is created such that it is similar to the second stage turbine rotor created by Timko, L. P. [17] . The hub section is chosen for comparison. The 2D rotor hub section data is stated in Table 2 . The blade section is also shown in figure 17 . The Test case input files are then created guided with data from Table 2 . The Reynolds number is taken 1.76X10 5 as specified for rig design point in the reference report. The output hub blade section is analyzed using MISES [18] such that the inlet and exit Mach numbers are matched. A Mach number distribution is plotted and used as a demonstration example for the 3DBGB capabilities. The resulting turbine hub section is shown in figure  18 .
Paper: ASAT-16-142-PP 
Smoothness Improvement and shape control
The second derivative of a hub turbine blade section surface is calculated using finite difference. It is plotted starting from the trailing edge through top surface, leading edge, bottom surface and back to trailing edge as shown in figure 19 . It shows the second derivative has a smooth transition from the top to the bottom surface. Figure 20 shows a zoomed view of the leading edge region. 
Mach number distribution
A fine grid viscous run using MISES [18] is performed for the turbine blade hub section to examine the blade surface smoothness. The grid and Mach number distribution are shown in figures 21. The Mach number is found to be smooth all over the blade surface 
Variety of Airfoil shapes using Curvature Technique
3DBGB is capable of generating different airfoil shapes span-wise for a blade design. The curvature technique gives flexibility in controlling the airfoil shape. A compressor and transonic fan hub sections are created as additional examples. The second derivative spline associated with each case is plotted too. Figures 25 and 26 shows a similar design for a transonic fan tip section that was designed by Drayton [19] . 3DBGB input files are created to match the original blade design considering the metal angles and the thickness distribution. Smith [20] was investigating the key area locations. He stated how the critical flow area is affected with the changes of the relative total pressure along a streamline. This shows the importance of indicating the mouth and throat areas. The 2D throat, mouth and exit for the transonic fan are plotted in figure 27. The area ratio (
) is calculated for the transonic fan and plotted on Smith curve [20] , which gives a 4% throat margin for this case as shown in figure 28. Another example demonstrated is a hub section for EEE NASA -GE 3rd stage compressor rotor [21] . The second derivative distribution is created for the blade hub section as shown in figure 29 . The blade 2D sections are constructed with input file that matches the section properties. Figure 30 shows the 2D hub section for the EEE 3rd rotor blade. The throat area/capture area ratio method to calculate throat margin of the transonic fan as described by [20] . The black circles are the 12 streamline from the reference. The red point is the case shown in figure 27. Another compressor test case has been set up to to clarify the use of the curvature technique. The 8th rotor for the GE EEE compressor mid-span section is used for the demonstration. The section metal angles are obtained from EEE General Electric design report [21] such that the leading and trailing edge metal angles are -58.927 deg. and -36.373 deg., respectively. The T-axi program [23] was used to create the initial 3DBGB input file, and the mid-span baseline section is created using curvature mean line and spline leading edge option. The curvature distribution is similar to that shown in The inlet angle has been set to produce a zero incidence angle for the baseline design using MISES [18] running with boundary layer coupling. The Mach number distribution is smooth over the whole blade surface as shown in figure 33 . The controlled diffusion profile is shown in figure 34 . It is not optimized, but the controlled diffusion blade has slightly lower loss with slightly more turning. The trailing edge angle could be adjusted to get the required air exit angle, but was kept to the EEE value. Recall that the second derivative shown in Fig 32 is normalized in magnitude so the overall camber is achieved. This illustrates the capability of the new curvature technique that be used in an optimization process that optimizes both range and loss. Another example is performed to show different geometries that prove the 3DBGB capabilities. A compressor blade section is created which is similar to 90% height section of transonic axial compressor rotor created by Okui et al. [24] shown in figure 36. Figure  35 shows the chord wise camber line distribution of S-shape compressor blade that Okui et al. [24] created. Figure 37 shows the second derivative distribution created by 3DBGB. It has an S-shape as the curvature sign is related to the camber line distribution created by Okui et al., figure 35 . The 3DBGB S-shape transonic compressor rotor 90% section is shown in figure 39 and its camber line in figure 38 . This demonstrates the flexibility of defining the second derivative to create the camber line . Another supersonic fan section is created to match the ARL supersonic compressor cascade [25] . The cascade for the blade is shown in figure 40 . The second derivative B-spline for the section is created as shown figure 41. The 3DBGB section is then shown in figure 43. 
Conclusion:
A 2D curvature-defined mean-line blade airfoil geometry generator has been added to an open source 3D blade design tool. Creating a 5th order mean-line by twice integrating the cubic B-spline that describes the second derivative allows curvature and slopeof-curvature to be continuous. Applying an adequate shape control of the blade surface reduces the spikes in the Mach number and pressure distributions. The second derivative B-spline (v (u)) is created by user defined control points that implement shape control when creating the 2D airfoil surface.
Controlling the thickness distribution results in a known structural design and makes sure the blade cross-sectional area will carry the designed load distribution. By using the 4th order B-spline thickness distribution, the blade surface smoothness is ensured by making both curvature and slope-of-curvature continuous all over the blade surface. A 4th order spline thickness modifier is added to the blade distribution as a user defined input to fulfill the user design requirements. A 4th order B-spline leading edge option has also been added to the geometry generator. The first, second and third derivatives are matched at the blending point between the leading edge and the blade surface to ensure smoothness. This technique guarantees a smooth shape blade airfoils controlled through the curvature-defined mean-line.
The airfoil design using curvature technique allows creation of a smooth CAD model that used in CFD simulation. The smooth connection between the leading edge and the airfoil body removes the Mach number distribution peeks at the connection point. The parametric definition of the airfoils facilitates using them in an optimization system. Several examples have been presented showing the utility and generality of the approach for a turbine, compressor and fan sections. The 3DBGB code is open source and it can be downloaded from (http://gtsl.ase.uc.edu/3DBGB/).
